Summary Our objective was to examine associations of physical activity in different life domains with peak femoral neck strength relative to load in adult women. Greater physical activity in each of the domains of sport, active living, home, and work was associated with higher peak femoral neck strength relative to load.
Introduction Our objective was to examine the associations of physical activity in different life domains with peak femoral neck strength relative to load in adult women. Composite indices of femoral neck strength integrate body size with femoral neck size and bone mineral density to gauge bone strength relative to load during a fall, and are inversely associated with incident fracture risk. Methods Participants were 1,919 pre-and early perimenopausal women from the Study of Women's Health Across the Nation. Composite indices of femoral neck strength relative to load in three failure modes (compression, bending, and impact) were created from hip dual-energy X-ray absorption scans and body size. Usual physical activity within the past year was assessed with the Kaiser Physical Activity Survey in four domains: sport, home, active living, and work. We used multiple linear regression to examine the associations. Results Greater physical activity in each of the four domains was independently associated with higher composite indices, adjusted for age, menopausal transition stage, race/ethnicity, Study of Women's Health Across the Nation study site, smoking status, smoking pack-years, alcohol consumption level, current use of supplementary calcium, current use of supplementary vitamin D, current use of bone-adverse medications, prior use of any sex steroid hormone pills or patch, prior use of depoprovera injections, history of hyperthyroidism, history of previous adult fracture, and employment status: standardized effect sizes ranged from 0.04 (p<0.05) to 0.20 (p<0.0001). Conclusions Physical activity in each domain examined was associated with higher peak femoral neck strength relative to load in pre-and early perimenopausal women.
Keywords Active living . Composite strength indices . Femoral neck strength relative to load . Peak bone strength . Physical activity Introduction Osteoporosis-related fractures can have major negative consequences in older women, including decreased mobility, loss of independence, incident depression, and reduced quality of life, and may even increase the risk of death. Osteoporosisrelated fractures constitute a major public health concern in the USA [1] and worldwide [2, 3] . Hence, there is an urgent need to identify potentially modifiable causes of osteoporosis, or low bone strength, in women.
Bone mass in postmenopausal women is a function of both peak bone mass acquired prior to the menopause transition and the rate of bone loss during and after the transition [4] ; thus, low peak bone mass in premenopause is a major and potentially modifiable risk factor for osteoporotic fracture in later years [5, 6] . Our objective was therefore to examine associations between physical activity level (potentially modifiable) and peak bone strength in pre-and early perimenopausal women who have not yet experienced menopauserelated declines in bone mineral density (BMD) and thus have peak bone mass or close to it [7] .
Although areal BMD measured by dual-energy X-ray absorption (DXA) has been widely used for the assessment of bone strength, it explains only a modest proportion of fracture risk [8, 9] . In many cases, BMD is a poor surrogate for bone strength (i.e., its ability to resist fracture). For example, although BMD is higher or similar in Caucasian women than in Asian women [10, 11] , hip fracture risk is higher (not lower) in Caucasians [12] . In addition, higher hip fracture risk associated with type 2 diabetes is not consistent with the higher (not lower) BMD in type 2 diabetics than in nondiabetics [13] . These discordances between BMD and hip fracture risk may reflect differences between the groups in bone size (which influences bone strength independent of BMD) [14, 15] and body size (which determines the load that bone is exposed to in a fall) [16] .
Composite indices of femoral neck strength integrate bone size and body size with femoral neck BMD to gauge strength relative to load (impact forces) borne during a fall [17] . These indices are inversely associated with incident fractures [17] [18] [19] [20] and, unlike BMD, are consistent with fracture risk differences across race/ethnicity groups [21] , and between diabetes and nondiabetes [22] . Furthermore, unlike BMD, the composite indices can predict fracture risk in middle-aged women without requiring race/ethnicity information [20] . These findings suggest that the femoral neck composite strength indices are better measures of a woman's ability to resist fracture than is BMD.
While several studies have examined the role of physical activity in explaining variation in peak bone mass, and one study examined physical activity in relation to femoral neck composite strength indices in young boys and girls [23] , no previous study has examined physical activity as a determinant of peak femoral neck strength relative to load in adult women. Physical activity appears to increase BMD and bone size [24, 25] , and decrease body weight [26] ; their combined effect on femoral neck strength relative to load is not immediately apparent. Of particular relevance to women, most studies of physical activity and peak bone mass have focused on sports and regular leisure-time exercise, but women may obtain more physical activity while they are engaged in household chores and family care roles and may be less likely to participate in leisure-time physical activity on a regular basis than men [27, 28] . We therefore designed this study to examine the cross-sectional associations of selfreported physical activity in four domains; sport, home, active living, and work, with the femoral neck composite strength indices among women who were at peak bone mass or close to it. We hypothesized that women who reported higher levels of physical activity in each domain will have higher levels of peak femoral neck strength relative to load.
Methods

Study participants
We analyzed data from the baseline visit of the Study of Women's Health Across the Nation (SWAN), a multisite study of the menopausal transition in a community-based sample of 3,302 women from five ethnic/racial backgrounds in the USA: Caucasian, African American, Chinese, Japanese, and Hispanic. The eligibility criteria, described in detail elsewhere [29] , included age 42-53 years, intact uterus and at least one intact ovary, not currently using sexsteroid hormones, at least one menses in the 3 months before screening, and self-identification as a member of one of the five eligible ethnic/racial backgrounds. Participants were enrolled in 1996-1997 at seven clinical sites in the following areas: Boston, Chicago, Detroit, Pittsburgh, Los Angeles, Newark, and Oakland. The Chicago and Newark sites did not perform BMD measurement and did not contribute to the SWAN bone cohort. Each of the other five sites enrolled Caucasians, and also enrolled women from another ethnic group: African American in Boston, Detroit, and Pittsburgh, Chinese in Oakland, and Japanese in Los Angeles. These five sites together enrolled total of 2,413 women into the bone study cohort, 46 of whom did not obtain hip BMD because they weighted more than 136 kg (the maximum allowed on the DXA scans). As a part of the SWAN Hip Strength Across the Menopausal Transition, femoral neck size measurements on archived hip DXA scans were made on 1,940 women in the SWAN bone cohort who had hip DXA scans at the baseline visit and at least two follow-up visits by 2006-2007. Twenty-one of these women were missing an important covariate such as body height [needed to calculate two of the three strength indices and body mass index (BMI), n=16], employment status (n=2), or alcohol consumption (n=3), leaving an analytic sample of 1,919 women (960 Caucasian, 502 African American, 220 Chinese, and 237 Japanese). The SWAN and substudy protocols were approved by the Institutional Review Board at each site, and all participants gave written informed consent.
Measurements
Measurements of DXA scans were acquired with Hologic QDR 2000 (Pittsburgh and Oakland) or QDR 4500 scanners (Boston, Detroit, and Los Angeles) and OsteoDyne's Hip Positioner System. The DXA quality control protocols in SWAN have been previously described [30] . The projected (areal) BMD in the femoral neck was recorded, and two femoral neck dimensions were measured using the region of interest (ROI) window, which was repositioned and resized by the DXA operator so that a side of the ROI window spanned the geometric measures of interest. Then, the pixel locations of relevant window corners were recorded, and used to calculate the relevant distances in millimeters, using pixel dimensions provided by the manufacturer, Hologic, Inc. Femoral neck axis length (FNAL) is the distance along the femoral neck axis from the lateral margin of the base of the greater trochanter to the apex of the femoral head. Femoral neck width (FNW) is the smallest thickness of the femoral neck along any line perpendicular to the femoral neck axis (Fig. 1) . Composite indices of femoral neck strength relative to load during a fall were created as follows [17] :
All three indices were recorded in units of grams per kilogram meter with BMD measured in grams per square centimeter, FNW and FNAL in centimeter, weight in kilogram, and height in meter. CSI and BSI were scaled by 100 to obtain values in units of grams per kilogram meter. CSI reflects the ability of the femoral neck to withstand an axial compressive load, BSI reflects its ability to withstand bending forces, and ISI reflects the ability of the femoral neck to absorb the energy of impact in a fall from standing height. To examine reproducibility, 20 women volunteers were scanned twice on the same day with repositioning, and femoral neck BMD, FNW, and FNAL were measured twice. Intraclass correlation coefficients for the three indices were all >0.98 [21] .
Physical activity was assessed with an adapted version of the Kaiser Physical Activity Survey (KPAS), which is based on the Baecke questionnaire [31] . This survey has established test-retest reliability and validity against activity records, accelerometer recordings, and maximal oxygen consumption in women [32] . The version of the KPAS used in SWAN had minor changes in a few KPAS response categories and some household activities were grouped by intensity [27] . This selfreport instrument grades physical activity in four domains: sport, home, daily routine (termed active living), and work (among those employed). Scores representing the average responses to domain-specific questions range from 1 (low) to 5 (high) for each domain. The sport activity score was created from answers to questions about: (a) frequency of sports/exercise/exertion causing sweating, (b) self-rated level of participation in recreational activity compared to other women of same age, and (c) frequency, duration, and intensity of the two most frequent sports/physical activities over the previous year. The five home activity questions asked about frequency of: (a) child or dependent adult care, (b) meal preparation and cleanup, (c) light chores such as dusting, (d) moderate chores such as vacuuming, and (e) heavy chores such as home repair. The two "active living" questions asked about average hours per day: (a) walking or biking for transportation and (b) television watching, each on a scale of 1-5; the latter was reverse-scored. The nine work activity questions assessed time spent: (a) sitting, (b) standing, (c) walking, (d) lifting loads >15 lb, (e) stooping/bending, (f) moving heavy equipment, and (g) sweating from exertion. The work score also included self-rated physical activity level at work compared with others, and work activity intensity, based on occupational census code [27] . We assigned a work activity score of 1 for those who were not employed, and added scores across the four domains to create a total physical activity score (range, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In sensitivity analyses, we also examined a total activity score that did not include work activity (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Standardized interview and self-reported questionnaires were used to obtain the following covariate information: age (years), race/ethnicity (Caucasian, African-American, Chinese, and Japanese), menopause transition stage [premenopausal (regular menses), early perimenopausal (menses within 3 months but menses less predictable)], smoking status (never smoking, ex-smoker, or current), smoking packyears (≤10 years, >10 years but ≤30 years, or >30 years), alcohol categories (abstainer, infrequent: >0 but ≤1 drink per week; light to moderate: >1 but <7 drinks per week; heavy: >7 drinks per week), current use of supplementary calcium (none vs. any), current use of supplementary vitamin D (none vs. any), current use of bone-adverse medications (oral steroid or antiepileptics: none vs. any), prior use of any sex steroid hormone pills or patch (none vs. any), prior use of depoprovera injections, history of hyperthyroidism (yes vs. no), history of previous adult fracture (yes vs. no), and employment status (yes vs. no). Height and weight were measured with a fixed stadiometer and a digital scale with the participants wearing light clothing and no shoes. BMI was calculated as weight in kilograms divided by the square of height in meters.
Statistical analysis LOESS plots of the composite strength indices as a function of physical activity score (see Fig 2, for example) suggested that the physical activity scores could be used as continuous, linear predictors of the strength indices. We used separate multiple linear regressions to examine the associations between each femoral neck strength index (continuous) and physical activity in each domain (continuous), and between each strength index and total score of physical activity across domains (continuous), adjusted for age (continuous), menopausal transition stage, race/ethnicity, SWAN study site, smoking status, smoking pack-years, alcohol consumption level, current use of supplementary calcium, current use of supplementary vitamin D, current use of bone-adverse medications, prior use of any sex steroid hormone pills or patch, prior use of depo-provera injections, history of hyperthyroidism, history of previous adult fracture, and employment status (only in work activity and total score). Use of osteoporosis medications (bisphosphonates, selective estrogen receptor modulators, calcitonin, parathyroid hormone, or vitamin D in pharmacological doses) at baseline was reported by only one participant and therefore not included in the model.
Initial models did not include controls for BMI because changes in BMI represent one potential pathway by which physical activity might influence bone strength [33] . In the next step, we added controls for BMI by adding BMI as a continuous (linear) term, plus a squared (quadratic) term to allow for possible higher-order associations, plus multiplicative interaction terms between BMI and race/ethnicity because of the large race/ethnicity differences in BMI. Finally, we ran regressions with all four domains of physical activity together in the same model to examine the independent influence of each domain on bone strength. All statistical tests were performed two sided using the Statistics Analysis System Version 9.2 (SAS Institute Inc, Cary, NC, USA) and the STATA Version 12.1 (StataCorp LP, College Station, TX, USA).
Results
The study sample was similar to the full SWAN bone cohort with respect to all major characteristics ( Table 1 ). The average age of study participants was 45.9 years, 50.0 % were Caucasian, 26.2 % were African American, 11.5 % were Chinese, and 12.4 % were Japanese. Mean physical activity scores (range, 1-5) were between 2.0 and 2.7 in each of the four activity domains, median scores were between 1.9 and 2.8, and there was substantial variability in each activity domain (standard deviations, 0.8-1.0; skew, 0.11-0.80). Physical activity scores were not highly correlated across domains; the highest correlation was between sport activity score and active living score (r=0.30). Mean total physical activity score was 9.8 (on a scale of [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Adjusted for covariates other than BMI, higher levels of physical activity in each of the four domains was significantly associated with higher levels of each of three composite indices of femoral neck strength relative to load (Table 2) . Each standard deviation (SD) increment in physical activity level in the sport and active living domains was associated with between 0.16 and 0.20 SD increments in the strength indices (p<0.0001), while every SD increment in physical activity level in the home and work activity domains was associated with between 0.04 and 0.06 SD increments in strength indices (p<0.05). In addition, total score of physical activity across domains was also positively and strongly associated with each of the three composite strength indices (Table 2) : standardized effect sizes, 0.19-0.22 (p<0.0001).
Additional adjustment for BMI attenuated the magnitudes of the associations with sport activity and active living, but did not attenuate associations with home activity or work activity. With the BMI adjustment, each SD increment in total physical activity score was associated with between 0.10 and 0.11 SD increments in the strength indices (p<0.0001; Table 2 ). In a sensitivity analysis that excluded work activity from the total activity score (because 17.6 % of women were unemployed), associations were similarly strong: standardized effect sizes remained between 0.09 and 0.10 (data not shown). Finally, when we included all four domains of physical activity in the same model, and adjusted for all covariates including BMI, higher level of physical activity in each of the four domains was independently associated with higher values of two or more of the composite strength indices (Table 2) . Adjusting for the other domains of activity did not substantially attenuate the magnitudes of the associations between activity level in each domain and the composite indices.
Discussion
As hypothesized, greater physical activity in each of the four domains examined, i.e., sport, home, active living, and work, was independently associated with greater femoral neck strength relative to load in a sample of pre-and early perimenopausal women. In addition, total physical activity score across the domains was also strongly, positively associated with femoral neck strength relative to load. Previous studies found that each SD increment in the composite indices of femoral neck strength was associated with ∼40 % relative decrement in the rate (hazard) of fracture at any site in women going through the menopause transition [20] and ∼60 % relative decrement in the risk of hip fracture over 10 years in postmenopausal women [17] . If the activity-related differences in composite indices seen in this study lead to similar fracture risk differences, then each SD increment in total activity across domains would be associated with ∼10 % relative reduction in fracture hazard in women going through the menopause transition and ∼17 % relative reduction in 10-year hip fracture risk in postmenopausal women.
Taken together with an earlier study that showed that femoral neck strength relative to load does not change substantially before the menopause transition [34] , these findings suggest that physical activity that occurs as a part of daily routine such as at home, at work, and simply being active in life can positively influence peak femoral neck strength relative to load in women, and lower their risk for osteoporosis and fragility fractures later in life. They also highlight the importance of expanding our focus beyond only sports and leisure-time exercise to include other domains of daily life where women can be physically active, and gain health benefits. Although independent, beneficial bone strength associations were seen in each activity domain, effect sizes were larger for sport and for active living than for home and work activity. This could be a reflection of the lower intensity of usual physical activity at home and at work. In addition, our instrument may not have captured more rigorous activity at home, making it difficult to discern stronger effects that might truly exist for those who performed more physically demanding tasks at home.
A previous cross-sectional study using the full SWAN cohort found positive associations between BMD and sport and home activity, but did not find associations between BMD and either work activity or active living [27] . Our study, which examined femoral neck strength relative to load, found positive associations with each domain of physical activity. The importance of assessing bone strength relative to load has been demonstrated in multiple cohorts [17] [18] [19] [20] [21] [22] [35] [36] [37] . Since physical activity can affect bone strength relative to load in ways other than by affecting BMD, both by influencing bone size [24, 25] and by affecting body weight (which determines load) [26] , it is not enough to look at BMD in isolation.
Controlling for BMI attenuated the effect sizes for sport activity and active living, suggesting that at least some of the association of physical activity with bone strength relative to load is due to physical activity effects on body weight. However, controlling for BMI did not attenuate effect sizes for work and home activity, suggesting that the usual level of physical activity at work and home in our sample may not have influenced body weight. The limitations of our study must be acknowledged. First, this is a cross-sectional study that does not allow us to make causal inferences. Second, we did not measure life-long patterns of physical activity, which are reported to affect peak bone mass [38] [39] [40] . Third, the study sample is limited to women, and the results may not generalize to men. Fourth, the composite indices are structural measures based on macroscopic measurements from DXA scans and ignore microscopic features such as differences in the quality of cancellous mineralization and microarchitecture, both of which are important determinants of bone strength [21, 41, 42] .
Despite these limitations, our study has several strengths, including the multisite nature and size of the study sample, assessment of physical activity in multiple domains, and assessment of bone strength relative to load (impact forces in a fall). It is the first study to examine physical activity as a determinant of peak bone strength relative to load in women and demonstrate the independent effects of physical activity in multiple domains of daily life, not limited to sports and leisure-time exercise. Since peak bone mass in women before they go through the menopause transition is a major predictor of osteoporosis in later life [43] , physical activity in young and midlife may prevent late-life fracture and its associated morbidities.
In summary, greater physical activity in each of the domains of sport, home, active living, and work was independently associated with greater femoral neck strength relative to load in pre-and early perimenopausal women. Being physically active in all domains of life may be an important way in which women can prevent osteoporotic fractures in later life.
